INTRODUCTION {#S1}
============

Glycemic control is mediated by both insulin and glucagon, which function in a counter-regulatory manner. Both are vital in the maintenance of metabolic homeostasis. Since the discovery of insulin in 1922 by Banting, Best, and Collip, the clinical management of both type 1 and type 2 diabetes has largely focused on the role of insulin in disease pathology ([@R6]). Though the first radioimmunoassay for the detection of glucagon was developed in 1959 ([@R58]), the therapeutic potential of targeting glucagon action has been historically underappreciated; this is despite the established efficacy of glucagon receptor antagonism in restoring stable euglycemia in both type 1 and type 2 diabetes ([@R28]; [@R48]). Insulin-based therapies continue to be the standard of care for both type 1 and type 2 diabetes ([@R46]), and targeting glucagon and glucagon signaling as effective antidiabetic therapies has only recently started gaining traction. First-generation glucagon receptor antagonists were able to successfully lower glycemia, but they had unacceptable side effects, such as hyperlipidemia, elevated liver transaminase, and hypertension ([@R20]; [@R21]; [@R54]). Due to the nature of their allosteric binding, specificity issues have also been noted ([@R27]; [@R31]). Here we use a human monoclonal antibody that competitively inhibits glucagon binding to the glucagon receptor (GcgR) and exhibits high specificity at very low concentrations ([@R19]). Previous studies with such antibody antagonists support strong glycemic improvements in type 1 diabetic rodents ([@R62]), type 2 diabetic rodents, non-human primates ([@R43]; [@R65]), and recently, in type 1 diabetic subjects ([@R48]). However, the effects on lipid metabolism and insulin action have not been addressed by previous work.

Glucagon acts through cAMP-PKA (cyclic AMP protein kinase A) signaling to promote hepatic glucose production. Recent work demonstrated that metformin, a known activator of AMP-activated protein kinase (AMPK), blunts glucagon action by preventing cAMP accumulation ([@R12]; [@R24]; [@R41]). As such, we hypothesized that glucagons antagonism may have similar influence on AMPK activation. AMPK is known to promote mitochondrial lipid oxidation via the phosphorylation and inhibition of acetyl-CoA carboxylase (ACC), which in turn minimizes malonyl-CoA formation and subsequent carnitine palmitoyltransferase I (CPT1) inhibition ([@R40]). This leads us to believe that excessive glucagon signaling during diabetes in target tissues, such as liver, blunts lipid oxidation and promotes the formation of insulin-desensitizing lipid intermediates, such as ceramide and diacylglycerol ([@R25]).

Both type 1 and 2 diabetes enhance the risk for congestive heart failure ([@R51]; [@R60]), and the elevated glucagon levels characteristic of diabetes might be crucially involved in the development of diabetes-induced heart dysfunction. Notably, cardiac-specific ablation of glucagon receptors in rodents protects against cardiac damage in coronary ligation models ([@R2]). Lepr^db/db^ mice (db/db), which lack leptin receptor function due to a point mutation, display diabetic hyperglucagonemia ([@R20]). This strain is also reported to have impaired left ventricular function and remodeling ([@R3]; [@R8]). However, the role of lipid metabolism in glucagon-mediated cardiac alterations has not been evaluated. As AMPK has an established role in maintaining cardiac function and energetics ([@R29]; [@R37]), we believe that the loss in AMPK activation during diabetes may be linked to the accumulation of ectopic lipids that is characteristic of various models of diabetic cardiomyopathy, including leptin-defective models of diabetes ([@R17]; [@R42]; [@R57]; [@R59]). These lipid intermediates may be more than markers of cardiac dysfunction; reducing sphingolipid overaccumulation improves cardiac outcomes in a variety of mouse models that mimic diabetic cardiomyopathy ([@R26]; [@R42]; [@R44]; [@R53]). This potentially suggests a causal role for sphingolipid overaccumulation in the progression of cardiac dysfunction during diabetes.

Here we assess the mechanisms by which REMD 2.59 rescues hyperglycemia in Lep^ob/ob^ (which lack functional expression of leptin) and Lepr^db/db^ mice, two effectively equivalent mouse models of type 2 diabetes. In these models, defects in leptin action blunt satiety signaling, which causes hyperphagia and diet-induced obesity, leading to type 2 diabetes and diabetic cardiomyopathy. Collectively, these data reveal that glucagon receptor antagonism does more than just prevent the inadequate suppression of hepatic glucose production during type 2 diabetes. Glucagon receptor antagonism confers improvements in overall glycemic control and heart function through increased AMPK activation, which promotes normalized lipid metabolism and helps counter the lipotoxic conditions that blunt insulin signaling and diminish cardiac function.

RESULTS AND DISCUSSION {#S2}
======================

REMD 2.59 Rescues Hyperglycemia and Improves Glucose Tolerance in Type 2 Diabetes Models {#S3}
----------------------------------------------------------------------------------------

Glucagon has notable effects on energy homeostasis ([@R11]). We and others have previously reported that GcgR^−/−^ mice display reductions in food intake and are resistant to diet-induced obesity ([@R15]; [@R36]). In light of these apparent effects, we first looked to confirm that acute glucagon receptor antagonism leads to metabolic improvements in type 2 diabetic mouse models independent of changes in body weight. When placed in metabolic cages, it was evident that REMD 2.59 reduced food intake in Lepr^db/db^ mice ([Figure 1A](#F1){ref-type="fig"}). Therefore, we also established a pair-fed Lepr^db/db^ cohort to control for any confounds from body mass. Concomitant with the reduction in food intake, REMD 2.59 blunted weight gain by diminishing adiposity ([Figure 1B](#F1){ref-type="fig"}). Pair-feeding of Lepr^db/db^ mice resulted in equivalent degrees of adiposity relative to the REMD 2.59-treated Lepr^db/db^ mice ([Figure 1B](#F1){ref-type="fig"}). At the end of the 10-day period, pair-fed mice gained slightly less weight than REMD 2.59-treated mice without changes in lean mass ([Figure 1C](#F1){ref-type="fig"}).

Fed blood glucose was assessed in Lepr^db/db^ mice over a 10-day period. Prior to antibody injection, mice in all groups exhibited equivalent hyperglycemia (\~400 mg/dL). Within 3 days of treatment with REMD 2.59, Lepr^db/db^ mice became euglycemic and remained stable for the duration of the time course, while vehicle-treated Lepr^db/db^ mice were hyperglycemic throughout the 10-day period ([Figure 1D](#F1){ref-type="fig"}). This could not be explained by the reduction in food intake as there was no glycemic improvement over the 10-day period in the pair-fed Lepr^db/db^ cohort, which remained as hyperglycemic as the vehicle-treated controls ([Figure 1D](#F1){ref-type="fig"}). To further characterize these metabolic improvements, we performed an oral glucose tolerance test (OGTT), which was done 5 days after REMD 2.59 treatment. Compared to controls, REMD 2.59-treated Lepr^db/db^ mice had significantly lower blood glucose at all time points, indicating improved glucose tolerance ([Figure 1E](#F1){ref-type="fig"}). These findings suggest that acute REMD 2.59 treatment can protect against the metabolic disruptions induced by hyperglucagonemia during type 2 diabetes. Importantly, these effects occur prior to changes in body mass ([Figure S2C](#SD1){ref-type="supplementary-material"}).

As glucagon primarily acts through signaling at the liver, we evaluated the hepatic response to glucagon receptor antagonism ([Figure 1F](#F1){ref-type="fig"}). REMD 2.59 blunted phosphorylation (Ser^133^) of cAMP response element protein (Creb), a key regulator of glucagon's gluconeogenic effects. Moreover, glucagon receptor antagonism greatly diminished PEPCK expression, an important gluconeogenic enzyme ([Figure 1F](#F1){ref-type="fig"}). Pair-feeding did not elicit comparable changes. AMPK phosphorylation was also increased by 2.1-fold (pAMPK/AMPK ratio, p \< 0.05 as compared to vehicle-treated db/db) in the livers of REMD 2.59-treated Lepr^db/db^ mice ([Figure 1F](#F1){ref-type="fig"}), which coincided with diminished lipid accumulation in the livers ([Figure S1A](#SD1){ref-type="supplementary-material"}). Additionally, the transcriptional suppression of PEPCK was evident after REMD 2.59 treatment, while pair-feeding did not mimic these alterations ([Figure 1G](#F1){ref-type="fig"}). To validate the effectiveness of REMD 2.59 treatment, we measured plasma glucagon levels 7 days after injecting Lepr^db/db^ mice. Plasma glucagon levels were elevated (\~35-fold) in the REMD 2.59-treated Lepr^db/db^ mice, which is consistent with previous observations ([@R16]; [@R19]) ([Figure S1B](#SD1){ref-type="supplementary-material"}). Given the possibility that elevated serum glucagon levels would be reflected in the cerebrospinal fluid (CSF) of REMD 2.59-treated animals, we assayed glucagon levels in the CSF and serum of lean Sprague-Dawley rats 5 days after the administration of REMD 2.59. There was no detectable glucagon in the CSF of vehicle-treated rats. However, glucagon was shown to be elevated in both the serum and CSF of REMD 2.59-treated rats, while these antibodies remain devoid in CSF ([Figures 1H and 1I](#F1){ref-type="fig"}). As has been previously observed ([@R34]; [@R50]), the central effects of increased glucagon could explain the decrease in food intake seen in REMD 2.59-treated Lepr^db/db^ mice. However, it remains unclear if glucagon actions on appetite regulation in the brain occur via cognate glucagon receptors ([@R1]; [@R49]) or the activation of GLP-1 receptors, which can occur at the pharmacologic levels reached during glucagon receptor antagonism ([@R5]; [@R9]).

REMD 2.59 Suppresses Hepatic Glucose Production {#S4}
-----------------------------------------------

We further evaluated the effects of glucagon receptor antagonism on hepatic insulin signaling in Lepr^db/db^ mice. These evaluations were made 5 days after REMD 2.59 or vehicle treatment, at which point the mice were stimulated with insulin and tissues were collected. Glucagon receptor antagonism markedly increased the insulin-stimulated phosphorylation of Akt (Ser^473^, 3.4-fold, p \< 0.05) and Erk (Thr^202^/Tyr^204^) in comparison to stand-alone insulin stimulation ([Figure 2A](#F2){ref-type="fig"}). Strikingly, though insulin by itself did not decrease PEPCK expression in Lepr^db/db^ mice, REMD 2.59 treatment strongly blunted PEPCK expression in either the presence or absence of insulin ([Figure 2A](#F2){ref-type="fig"}). To further assess the effects of REMD 2.59 on hepatic gluconeogenesis, we performed a pyruvate tolerance test (PTT) on Lep^ob/ob^ mice 5 days after REMD 2.59 or vehicle treatment. REMD 2.59-treated Lep^ob/ob^ mice displayed a significantly lower blood glucose over a 2-hr period following pyruvate injection, indicative of decreased hepatic gluconeogenesis ([Figure 2B](#F2){ref-type="fig"}).

Given that glucagon receptor antagonism enhances insulin signaling in the liver of Lepr^db/db^ mice, we also looked at the potential effects of REMD 2.59 treatment on whole-body insulin sensitivity. First, we conducted insulin tolerance tests (ITTs) on wild-type, glucagon receptor knockout Lep^ob/ob^ (GcgRKO Lep^ob/ob^), 5-week-old Lepr^db/db^, and 10-week-old REMD 2.59-treated Lepr^db/db^ mice. REMD 2.59-treated Lepr^db/db^ and GcgRKO Lep^ob/ob^ mice did not display any lowering of their already normal blood glucose following insulin stimulation ([Figure 2C](#F2){ref-type="fig"}). We attribute this to the disparate starting blood glucose levels between the cohorts, which complicated measurements of insulin sensitivity as a decline in blood glucose following insulin challenge.

We also analyzed signaling intermediates in skeletal muscle, namely the soleus. Like liver, the soleus muscle of REMD 2.59-treated Lep^ob/ob^ mice shows an increase in the activating (Thr^172^) phosphorylation of AMPK (11.5-fold increase in pAMPK/AMPK ratio, p \< 0.05) ([Figure 2D](#F2){ref-type="fig"}). This is surprising, as muscle is not a canonical target of glucagon action. However, previous work using *in vitro* hepatocyte models has not resolved a clear relationship between glucagon signaling and AMPK activation. Aw and colleagues reported that glucagon blunted AMPK Thr^172^ phosphorylation in human Huh7 cells ([@R4]). On the other hand, Longuet and colleagues demonstrated that glucagon activates AMPK in isolated hepatocytes ([@R39]). Others have seen no explicit link ([@R41]). This variability suggests that the effects on AMPK activation in skeletal muscle may be indirect. This led us to measure adiponectin, which is an AMPK-activating adipokine. Circulating levels of adiponectin were increased by 75% only 5 days after treating Lep^ob/ob^ mice with REMD 2.59 ([Figure 2E](#F2){ref-type="fig"}); however, these were unchanged in pair-fed mice ([Figure S1C](#SD1){ref-type="supplementary-material"}). Consistent with enhanced adiponectin signaling, there was a trend toward increased sphingosine and sphinganine in the liver after REMD 2.59 treatment ([Figure 2F](#F2){ref-type="fig"}, left). Sphingosine-1-phosphate (S1P) and sphinganine-1-phosophate (Spa-1-P) were significantly increased in soleus muscle ([Figure 2F](#F2){ref-type="fig"}, middle) and serum ([Figure 2F](#F2){ref-type="fig"}, right). The formation of these sphingoid bases, which are by-products of adiponectin receptor ceramidase activity, suggests a functional activation of these receptors (AdipoR1 and AdipoR2) in muscle and liver in response to increased circulating adiponectin levels.

REMD 2.59 Improves Whole-Body Insulin Sensitivity in a Type 2 Diabetes Model {#S5}
----------------------------------------------------------------------------

To conclusively evaluate changes in insulin sensitivity during type 2 diabetes due to glucagon receptor antagonism, we conducted hyperinsulinemic-euglycemic clamps 5 days after REMD 2.59 treatment. The average fasted blood glucose of REMD 2.59-treated Lep^ob/ob^ mice (\~108.7 ± 13.3 mg/dL) was substantially lower than the vehicle-treated Lep^ob/ob^ mice (\~322.8 ± 39.7 mg/dL) ([Figure S2A](#SD1){ref-type="supplementary-material"}). Interestingly, this difference in basal fasted blood glucose was present despite equivalent insulin levels, indicating a difference in insulin sensitivity between the two groups, which was borne out during the clamp. The glucose infusion rate (GIR) required to maintain blood glucose near 200 mg/dL was approximately 8-fold higher in the REMD 2.59-treated Lep^ob/ob^ mice ([Figure 3A](#F3){ref-type="fig"}). This suggests a substantial improvement in whole-body insulin sensitivity, which was not seen in the previous ITT. Basal hepatic glucose production trended lower in the REMD 2.59-treated Lep^ob/ob^ mice ([Figure 3B](#F3){ref-type="fig"}), and it was completely suppressed in the REMD 2.59-treated Lep^ob/ob^ mice during the clamped state ([Figure 3C](#F3){ref-type="fig"}). These data imply that an improvement in hepatic insulin sensitivity in the REMD 2.59-treated Lep^ob/ob^ mice was partly responsible for the differences in GIR and endogenous glucose production.

Surprisingly, in the clamped state, the rate of glucose disposal was significantly increased in the REMD 2.59-treated mice ([Figure 3D](#F3){ref-type="fig"}), which was a completely unanticipated finding; the magnitude of the change suggested an improvement in glucose clearance by skeletal muscle. To directly determine if this was due to an improvement in skeletal muscle insulin sensitivity, we assessed 2-deoxyglucose uptake in the clamped state. Specifically, we assayed soleus, a highly oxidative skeletal muscle, diaphragm, a largely glycolytic skeletal muscle, and heart. We found that REMD 2.59-treated Lep^ob/ob^ mice had significantly increased 2-deoxyglucose uptake in soleus and heart and strong trends toward increased uptake in diaphragm (p = 0.13) ([Figure 3E](#F3){ref-type="fig"}). REMD 2.59-treated Lep^ob/ob^ mice showed a significant decrease in serum non-esterified fatty acids (NEFAs) compared to vehicle-treated Lep^ob/ob^ mice ([Figure 3F](#F3){ref-type="fig"}). While there was no change in circulating NEFAs between the basal and clamped states of the control mice, NEFAs in the REMD 2.59-treated Lep^ob/ob^ mice did decrease in the clamped state ([Figure 3F](#F3){ref-type="fig"}). This suggests that REMD 2.59 enhances the insulin-induced suppression of lipolysis in Lep^ob/ob^ mice. These data are consistent with previous work that implicates glucagon-induced cAMP in regulating white adipose tissue lipolysis ([@R32]; [@R47]), and they further solidify the idea that glucagon receptor antagonism enhances insulin sensitivity during type 2 diabetes, given the well-known effects of insulin on lipolysis.

REMD 2.59 Improves Lipid Metabolism via the Activation of AMPK {#S6}
--------------------------------------------------------------

During the course of our metabolic characterization, we noted that glucagon receptor antagonism prompted a rapid decrease in hepatic steatosis, as determined by a biochemical quantification of triglycerides ([Figure 4A](#F4){ref-type="fig"}). This decrease in hepatic lipid content is consistent with liver histology from prior experiments, which showed an improvement in hepatic steatosis in GcgR^−/−^Lepr^db/db^ mice compared to GcgR^+/+^ Lepr^db/db^ mice ([Figure 4D](#F4){ref-type="fig"}). These histological findings were confirmed by quantification of hepatic triglycerides, which were significantly decreased by approximately 4-fold in GcgR^−/−^ Lepr^db/db^ mice. To further evaluate lipid metabolism following acute REMD 2.59 treatment, we carried out an *in vivo* assessment of lipid uptake and oxidation in Lep^ob/ob^ mice. Although lipid uptake was unchanged in most tissues ([Figure 4B](#F4){ref-type="fig"}, left), we found that oxidation in the livers of REMD 2.59-treated Lep^ob/ob^ mice was significantly increased, though oxidation in skeletal muscle was not improved ([Figure 4B](#F4){ref-type="fig"}, right). This is consistent with the enhanced hepatic phosphorylation of AMPK seen in our experiments ([Figure 1F](#F1){ref-type="fig"}).

The unchanged skeletal muscle lipid oxidation was unexpected given that we observed an increase in activated AMPK within the soleus ([Figure 2D](#F2){ref-type="fig"}). In muscle, AMPK activation is known to play a critical role as a mediator of contraction-stimulated glucose uptake ([@R14]; [@R30]). As an alternative means to establish the connection between glucagon signaling and decreased lipid oxidation in skeletal muscle, wild-type mice were treated subcutaneously with acyl-glucagon for 2 days prior to an *in vivo* radioactive ^3^H-triolein assay. Acyl-glucagon was used to provide sustained glucagon receptor agonism. Lipid oxidation was significantly decreased in soleus and brown adipose tissue ([Figure 4C](#F4){ref-type="fig"}, right), and it trended toward being reduced in heart (p = 0.07), liver (p = 0.13), and white adipose tissue. In contrast, lipid uptake was unchanged in all of the assessed tissues ([Figure 4C](#F4){ref-type="fig"}, left).

Blunting lipid oxidation can enhance acyl-CoA bioavailability for competing pathways, including the Kennedy pathway for phospholipid production and the *de novo* synthesis pathway for ceramide production. We hypothesized that glucagon receptor antagonism, by preventing a glucagon-mediated decline in AMPK-induced lipid oxidation, would reduce levels of various toxic lipid species, specifically sphingolipids like ceramide. Glucagon receptor antagonism decreased total ceramides in the soleus ([Figure 4E](#F4){ref-type="fig"}, left), however, total ceramides were unchanged in the liver ([Figure 4E](#F4){ref-type="fig"}, right). Individual ceramide species (such as C14, C16, and C18 ceramides), which are thought to be particularly strong insulin desensitizers ([@R52]; [@R56]; [@R63]), were decreased in both liver and soleus ([Figure 4E](#F4){ref-type="fig"}). Concomitant with these decreases was an observed decrease in circulating serum ceramides and liver glucosylceramides ([Figures S3A and S3B](#SD1){ref-type="supplementary-material"}). These data suggest that glucagon receptor antagonism partially improves insulin sensitivity through the degradation of the ceramide precursor pool, made up of free fatty acids (FFAs). We also saw changes in 1-O-acyl-ceramide levels in liver and soleus between REMD 2.59- and vehicle-treated Lep^ob/ob^ mice. Specifically, REMD 2.59 treatment resulted in decreased 1-O-acyl-ceramides in the liver and increased 1-O-acyl-ceramides in the soleus ([Figure 4F](#F4){ref-type="fig"}). These differences were universally reflected across individual 1-O-acylceramide species ([Figure S3C](#SD1){ref-type="supplementary-material"}). Recent work has suggested that these minimally studied sphingolipid metabolites partition with triglycerides and may be protective against ceramide-mediated cellular distress ([@R55]).

Collectively, these studies suggest some highly beneficial glucose-lowering mechanisms, which have been previously overlooked during the treatment of type 2 diabetes by glucagon receptor antagonism. Most notably, consistent AMPK activation in the liver may drive an increase in lipid oxidation, which coincides with rapid improvement of hepatic steatosis. Moreover, AMPK activation in skeletal muscle may be responsible for the unexpected improvements in muscle glucose uptake, perhaps functioning through similar signaling pathways as exercise-induced glucose transport. Such AMPK activation may be indirectly caused by adiponectin, which is increased in the serum following just 3 days of REMD 2.59 treatment ([Figure 2E](#F2){ref-type="fig"}). Consistent with adiponectin signaling, S1P and sphingosine bases were elevated in muscle and liver, respectively ([Figure 2F](#F2){ref-type="fig"}). Our previous work suggests that the formation of these sphingoid bases is necessary and sufficient for adiponectin to induce AMPK activation in cultured myotubes ([@R26]). Overall, glucagon receptor antagonism promotes profound and varied metabolic improvements during type 2 diabetes.

REMD 2.59 Prevents Cardiomyopathy in a Type 2 Diabetes Model {#S7}
------------------------------------------------------------

In the heart, AMPK activation is thought to be cardioprotective ([@R29]). Given the enhancement of AMPK activation in skeletal muscle caused by REMD 2.59 and changes in insulin-stimulated glucose uptake into the heart, we also evaluated cardiac health. Like the soleus muscle, we noted impaired lipid metabolism in the heart when exogenous glucagon was administered ([Figure 4C](#F4){ref-type="fig"}). To determine if glucagon receptor antagonism could benefit cardiac health, we assessed the effect of extended REMD 2.59 treatment on cardiac hypertrophy and ventricular function, which is normally impaired in diabetic mice. 8-week-old Lepr^db/db^ mice were treated weekly with either PBS or REMD 2.59. Ventricular contractility and ventricular diameters were measured by echocardiography prior to the experiment and at 6, 12, and 18 weeks after the first dose of REMD 2.59. Lepr^db/+^ littermates were used as lean controls.

REMD 2.59 treatment reduced weight gain over the 18-week time course ([Figure 5A](#F5){ref-type="fig"}), consistent with our earlier observations ([Figure 1B](#F1){ref-type="fig"}). The reduction in cardiac function that is normally seen in Lepr^db/db^ mice was prevented in the REMD 2.59-treated Lepr^db/db^ cohort. Fractional shortening and ejection fraction are positively correlated with heart function and are reliable parameters by which cardiac health can be assessed. While the Lepr^db/db^ control cohort showed decreased fractional shortening and ejection fraction, which worsened for the duration of the experiment, the cardiac function of REMD 2.59-treated mice was preserved ([Figures 5B and 5C](#F5){ref-type="fig"}). Furthermore, the REMD 2.59-treated Lepr^db/db^ mice were protected from declines in early diastolic filling peak velocity/late filling peak velocity (E/A) ratio ([Figure 5D](#F5){ref-type="fig"}), which specifically reflects left ventricular function during diastole. Cardiac output, which measures the volume of blood pumped per minute, was also preserved by the antibody treatment ([Figure 5E](#F5){ref-type="fig"}). REMD 2.59 treatment also prevented an increase in isovolumic relaxation time (IVRT) ([Figure 5F](#F5){ref-type="fig"}), indicative of a slowing heart rate, which may contribute to the declining cardiac output seen in the control Lepr^db/db^ mice. Using Micro-Cardiac catheters, pressure transducers that were inserted into the left ventricles of mice at the end of the 18-week time course, we also looked at left ventricular developed pressure (LVDP). REMD 2.59-treated Lepr^db/db^ mice showed significantly higher left ventricular pressure, further indicating preserved contractility due to glucagon receptor antagonism ([Figure 5G](#F5){ref-type="fig"}).

Glucagon receptor antagonism also prevented cardiac hypertrophy. Though PBS-treated Lepr^db/db^ mice experienced a significant increase in left ventricular end systolic dimension (LVESD) and interventricular septal end diastolic dimension (IVSD), REMD 2.59-treated Lepr^db/db^ mice displayed no such changes over the course of the experiment ([Figures 5H and 5I](#F5){ref-type="fig"}). Overall, REMD 2.59-treated Lepr^db/db^ mice displayed decreased heart weights ([Figure 5J](#F5){ref-type="fig"}) and decreases in a variety of sphingolipid species ([Figure 5K](#F5){ref-type="fig"}). Although total ceramide levels were unchanged following acute REMD 2.59 treatment, there was a significant decline in many toxic ceramide species, such as C16:0 and C18:0 ceramides ([Figure 5L](#F5){ref-type="fig"}). This is consistent with previous reports that implicate ceramide synthase 5 in the generation of the most deleterious ceramides for the heart ([@R53]). For almost all measured parameters of cardiac function, except for left ventricle end diastolic diameter (LVEDD), PBS-treated Lepr^db/db^ mice were markedly worse when compared to both PBS and REMD 2.59-treated lean controls. As seen in liver and soleus, the hearts of Lepr^db/db^ mice acutely treated with REMD 2.59 displayed a trend toward improved AMPK activation (70% increase, p \< 0.10) ([Figure 5M](#F5){ref-type="fig"}), which plays an important role in promoting cardiac lipid metabolism. Additionally, as previously noted, the hearts of Lep^ob/ob^ mice showed increased insulin-stimulated glucose uptake during hyperinsulinemic-euglycemic clamps, suggesting improved overall cardiac energetics ([Figure 3E](#F3){ref-type="fig"}).

REMD 2.59-Mediated AMPK Activation and Protection against Diabetic Cardiomyopathy Is Independent of Changes in Glycemia {#S8}
-----------------------------------------------------------------------------------------------------------------------

In the Lepr^db/db^ and Lep^ob/ob^ mouse models, it is evident that treatment with REMD 2.59 improves multiple components of the systemic milieu that may affect cardiac health. Given that glucagon receptor antagonism corrects hyperglycemia in Lep^ob/ob^ mice, we wanted to evaluate the possibility that AMPK activation in liver, heart, and skeletal muscle is a result of the stark differences in blood glucose rather than REMD 2.59 treatment; typically, following REMD 2.59 administration, blood glucose of Lepr^db/db^ mice decreases from \~400 mg/dL to approximately 85--100 mg/dL, which is slightly low compared to the normal fed blood glucose of a mouse.

To address this concern, we conducted hyperinsulinemic clamps on age-matched and glucose-matched wild-type mice, with somatostatin included to maintain equivalent glucagon levels between groups. One cohort was clamped at euglycemia (\~130 mg/dL) and the other at hypoglycemia (\~60 mg/dL) ([Figure S4A](#SD1){ref-type="supplementary-material"}). At the end of the clamp, the mice were sacrificed and AMPK activation was quantified in heart, liver, soleus muscle, and diaphragm by immunoblot. No increased AMPK activation was seen in heart, liver, or skeletal muscle of the mice clamped at a glucose of 60 mg/dL ([Figure S4B](#SD1){ref-type="supplementary-material"}). This suggests that the mild hypoglycemia observed with REMD 2.59 treatment of the wild-type mice would be insufficient to induce AMPK activation in these tissues. Furthermore, to determine whether protection against cardiomyopathy can occur independently of systemic metabolic improvements, we evaluated mice with a cardiac-specific overexpression of lipoprotein lipase (LPL^GPI^). LPL^GPI^ mice overexpress glycosylphosphatidylinositol (GPI) membrane-anchored LPL specifically in cardiomyocytes ([@R64]), resulting in local absorption of FFAs into the heart. These mice develop lipid-induced cardiac dysfunction in a similar manner to that seen in type 2 diabetes. However, these transgenic mice are lean and do not display overt changes in circulating glucose or lipid levels. The LPL^GPI^ mice are used as a reliable model of lipotoxicity-induced cardiac injury, which may be partially driven by the accumulation of ceramides in the heart ([@R44]; [@R64]).

LPL^GPI^ mice were treated weekly with either REMD 2.59 or vehicle from 10 to 15 weeks of age, at which time echocardiography was performed. Glycemia was not significantly different in these non-diabetic mice after treatment with REMD 2.59 ([Figure S4C](#SD1){ref-type="supplementary-material"}). The REMD 2.59-treated LPL^GPI^ mice showed marked improvements in ventricular function, as both fractional shortening and ejection fraction were significantly increased ([Figures 6A and 6B](#F6){ref-type="fig"}). REMD 2.59-treated LPL^GPI^ mice also displayed reduced LVESD and heart weights, measured as a ratio of body weight ([Figures 6C and 6D](#F6){ref-type="fig"}), indicating protection against cardiac hypertrophy. Consistent with our observations with Lepr^db/db^ mice, AMPK activation was also increased (70% increase in pAMPK/AMPK ratio, p \< 0.05), as compared to vehicle treatment in the hearts of REMD 2.59-treated LPL^GPI^ mice ([Figure 6E](#F6){ref-type="fig"}). Furthermore, REMD 2.59-treated LPL^GPI^ mice also had lowered C20, C24, and C24:1 ceramide levels and a 12% reduction (p \< 0.05) in total cardiac ceramides ([Figure 6F](#F6){ref-type="fig"}). Interestingly, REMD 2.59 treatment also significantly reduced various species of lactosylceramides, sphingomyelins, and dihydroceramides in the hearts of LPL^GPI^ mice ([Figures S4D--S4H](#SD1){ref-type="supplementary-material"}).

These results help identify glucagon as a potential contributing factor to the development of diabetic cardiomyopathy, and they indicate a manner in which such impairments can be prevented. Specifically, we implicate glucagon as a facilitator in the dysregulation of lipid metabolism, offering a mechanism by which glucagon promotes cardiac dysfunction. Impaired AMPK activation in the heart can broadly impact cardiac energetics and impair lipid oxidation. Our data suggest that impaired lipid utilization may lead to an accumulation of toxic lipid metabolites, promoting hypertrophy and negatively impacting ventricular function; cardiac lipotoxicity has previously been shown to play a causal role in cardiomyopathy ([@R35]; [@R45]; [@R53]). Our studies suggest that inhibiting glucagon action may prevent cardiac dysfunction in multiple models of lipotoxic cardiomyopathy.

Collectively, these studies suggest benefits for glucagon receptor antagonism in the treatment of diabetes and diabetic cardiomyopathy. Also, while glucagon receptor antagonists have been pursued for the treatment of type 2 diabetes ([@R46]), they may also hold promise for type 1 diabetes ([@R48]; [@R62]). However, two primary challenges continue to caution their development as a drug class. Pharmacological glucagon receptor antagonism has been shown to induce alpha cell hyperplasia in rodent and non-human primate models, and it can cause dose-dependent increases in aspartate and alanine aminotransferases enzymes (though without other signs of liver toxicity) ([@R46]).

Paradoxically, glucagon agonism has also been pursued independently or as a coagonist with other peptide hormones, as glucagon agonism aids weight loss by promoting satiety and energy expenditure ([@R22]). Here we suggest a potential explanation for this paradox, as peripheral glucagon receptor antagonism with REMD 2.59 enhances endogenous glucagon exposure to the CNS. This appears to occur as this monoclonal antibody fails to cross the blood-brain barrier while effectively prompting hyperglucagonemia via feedback regulation. The net increase in glucagon exposure to the CNS and simultaneous blockade of peripheral glucagon signaling may reconcile these seemingly incompatible results. Glucagon agonism has also been tested in cardiac patients, where it causes short-term improvements in cardiac output due to acute energy mobilization and cAMP-induced increases in heart rate ([@R13]). Additional studies using glucagon receptor agonism and tissue-specific glucagon receptor ablation models will be needed to help address the paradoxical effects of glucagon on glucose metabolism and cardiac health.

EXPERIMENTAL PROCEDURES {#S9}
=======================

Animals {#S10}
-------

All animal experimental protocols were approved by the Institutional Animal Care and Use Committee of University of Texas Southwestern Medical Center at Dallas or the Dallas VA Medical Center. Lep^ob/ob^ mice were on an FVB genetic background to allow for consistent hyperglycemia ([@R23]). The dose of REMD 2.59 used for all glycemic experiments ([Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [4](#F4){ref-type="fig"}) was 5 mg/kg; prolonged treatment for cardiac experiments was performed with 3 mg/kg provided once weekly. Acyl glucagon was administered to wild-type mice (50 nmol/kg, intraperitoneally \[i.p.\]) for 2 consecutive days at 24-hr intervals prior to ^3^H-triolein assay. For pair-feeding studies, Lepr^db/db^ mice were housed individually and fed 5.5 g chow daily (average for LepR^db/db^ mice receiving REMD 2.59).

Systemic Tests {#S11}
--------------

For tolerance tests, mice were fasted for 3 hr prior to the administration of glucose (2.5 g/kg body weight by gastric gavage), pyruvate (2.5 g/kg, i.p.), or insulin (1.5 U/kg, i.p.). At the indicated time points, venous blood samples were collected in EDTA-coated capillary tubes from the tail vein. Glucose levels were measured using an oxidase-peroxidase assay (Sigma-Aldrich). Mice did not have access to food throughout the experiment. Glucose levels were determined using an oxidase-peroxidase assay (Sigma-Aldrich). Insulin levels were measured using commercial ELISA kits (Crystal Chem).

Hyperinsulinenmic-Euglycemic Clamps {#S12}
-----------------------------------

Hyperinsulinemic-euglycemic clamps were performed on conscious unrestrained mice, as previously described ([@R26]; [@R33]). In brief, hyperinsulinemia was intitiated with a primed-continuous infusion of insulin (10 mU/kg/min), while variable infusion of 50% dextrose allowed for the achievement of a targeted blood glucose near 200 mg/dL. Constant infusion of ^3^H-Glucose for 90 min prior to the clamp and throughout the duration of the experiment allowed for calculations of glucose kinetics. 2-deoxyglucose (13 (µCi/mouse) was administered at the end of a 2-hr clamp, during steady-state conditions.

^3^H-triolein Uptake and β-Oxidation {#S13}
------------------------------------

For measurements of lipid clearance rates, tissue-specific lipid uptake, and b-oxidation rates in transgenic tissues, methodologies were adapted from previously detailed studies ([@R33]). Briefly, ^3^H-triolein was tail vein-injected (2 µCi per mouse in 100 µL 5% intralipid) into mice after a 5-hr fast. Blood samples (10 µL) were then collected at 1, 2, 5,10, and 15 min after injection. At 20 min post-injection, mice were euthanized; blood samples were taken; and tissues were quickly excised, weighed, and frozen at −80°C until processing. Lipids were then extracted using a chloroform-to-methanol-based extraction method ([@R10]). The radioactivity content of tissues, including blood samples, was quantified as described previously.

Real-Time qPCR {#S14}
--------------

Tissues were excised from mice and snap-frozen in liquid nitrogen. Total RNA was isolated following tissue homogenization in Trizol (Invitrogen, Carlsbad, CA) using a Tissue Lyser (MagNA Lyser, Roche), then isolated using an RNeasy RNA extraction kit (QIAGEN). The quality and quantity of the RNA was determined by absorbance at 260/280 nm. cDNA was prepared by reverse-transcribing 1 µg RNA with an iScript cDNA Synthesis Kit (Bio-Rad). Results were calculated using the threshold cycle method ([@R38]), with β-actin used for normalization.

Lipid Quantifications {#S15}
---------------------

Sphingolipid was quantified as described previously by liquid Chromatography, electrospray ionization, tandem mass spectrometry (LC/ESI/MS/MS) using a TSQ Quantum Ultra-triple quadrupole mass spectrometer (Thermo Fisher Scientific) equipped with an electrospray ionization (ESI) probe and interfaced with an Agilent 1100 HPLC (Agilent Technologies) ([@R26]). Diacylglycerol was quantified as previously described ([@R7]).

Immunoblotting Analysis {#S16}
-----------------------

Insulin stimulation was achieved by the injection of insulin (1.5 U/kg, i.p.) 30 min before sacrifice. Total protein extracts were prepared from tissues of mice using a preparation of tissue lysis buffer (Cell Signaling Technology) with protease inhibitor cocktail and phosphatase inhibitor cocktail (both Sigma-Aldrich). Total protein content was quantified using Bio-Rad Protein Assay, and final mass of protein assayed was standardized to a multiple of the lowest yield. Protein was resolved by SDS-PAGE and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). The blotted membrane was blocked in 1× Tris-buffered saline (TBS) containing 0.1% Tween and 5% nonfat dry milk (TBST-MLK) for 1 hr at room temperature with gentle, constant agitation. After incubation with primary antibodies (pAMPKa Thr172 \[8340\], AMPK \[2535\], Akt \[9272\], pAkt Ser^473^ \[9271\], Erk \[9102\], pErk Thr^202^/Tyr^204^ \[9101\], CREB \[9197\], and pCREB S^133^ \[9191\] from Cell Signaling Technology; PEPCK, Abcam Ab70358; and Anti-g-tubulin T6557, Sigma) in freshly prepared TBST-MLK at 4°C overnight with agitation, the membrane was washed 3 times with 1 × TBST buffer. This was followed by incubation with secondary anti-rabbit horseradish peroxidase-conjugated Ig antibodies in TBST-MLK for 1 hr at room temperature with agitation. The membrane was then washed three times with TBST buffer, and the proteins of interest on immunoblots were detected by an ECL plus western blotting detection system (GE Healthcare, Pittsburgh, PA). The corresponding bands were quantified using NIH Image software (version 1.6; available at <https://imagej.nih.gov/nih-image/>).

Energy Expenditure {#S17}
------------------

Metabolic measurements were obtained continuously using TSE metabolic chambers (TSE Labmaster System, Germany) in an open-circuit indirect calorimetry system. Studies were performed from days 4 to 6 after implanting osmotic pumps. Data were normalized to lean body mass as determined using a Bruker MQ10 NMR analyzer.

Liquid Chromatography-Tandem Mass Spectrometry of 1-O-Acyl Ceramides {#S18}
--------------------------------------------------------------------

Samples of liver and soleus were homogenized using the Omni Bead Ruptor 24 (Omni International, Kennesaw, GA). Preparations of soleus and liver (1 mg wet weight) were diluted with 50 mM PBS to a total volume of 200 µL. Then 750 µL methanol:chloroform (2:1; v/v) was added, products were extracted in the chloroform layer, dried under a stream of nitrogen, and they were then resuspended in 100 µL buffer A (100% Isooctane). For normal-phase separation, samples (extracted lipids from 32 µg tissue) were injected onto an Ascentis-Si HPLC column (150 × 2.1 mm, 5 µm; Supelco) at a flow rate of 0.3 mL/min at 5% solvent B (Methyl tert-butyl ether:isooctane, 1:1; v/v). Solvent B was maintained at 5% for 8 min, increased to 30% over 17 min, and then to 90% over 4 min. The system was held at 90% B for 10 min prior to reequilibration at 5% for 14 min. Buffer C (acetonitrile:water \[95:5; v/v\] with 10 mM ammonium acetate) was incorporated post-column at 0.03 mL/min. 1-o-acyl ceramides were measured using an API5000 triple quadrupole mass spectrometer (AB Sciex, Framingham, MA) in positiveion mode using multiple reaction monitoring (MRM) of the *m/z* transitions: 800.8 →264.4 (d16:1)-(34:2), 802.8 →264.4 (d16:1)-(34:1), 804.8 →264.4 (d16:1)-(34:0), 828.8 →264.4 (d16:1)-(36:2), 830.8 →264.4 (d16:1)-(36:1), 832.8 →264.4 (d16:1)-(36:0), 856.8 →264.4 (d16:1)-(38:2), 858.8 →264.4 (d16:1)-(38:1), 860.8 →264.4 (d16:1)-(38:0), 884.8 →264.4 (d16:1)-(40:2), 886.8 →264.4 (d16:1)-(40:1), 888.8 →264.4 (d16:1)-(40:0), 910.8 →264.4 (d16:1)-(42:3), 912.8 →264.4 (d16:1)-(42:2), and 914.8 →264.4 (d16:1)-(42:1). Chromatographic separation and retention time were confirmed using 1-oleoyl-N-heptadecanoyl-D-*erythro*-sphingosine (Avanti Polar Lipids, Alabaster, AL). Quantitation was performed using AB Sciex MultiQuant software.

Echocardiography {#S19}
----------------

*In vivo* cardiac function was assessed by transthoracic echocardiography (Acuson P300,18-MHz transducer; Siemens) in conscious mice, as described previously ([@R61]). From left ventricle short-axis view, M-mode echocardiogram was acquired to measure interventricular septal thickness at end diastole (IVSD), left ventricular posterior wall thickness at end diastole (LVPWd), LVEDD, LVESD. Fractional shortening (FS) was calculated from the end-diastolic diameter (EDD) and end-systolic diameter (ESD) using the following equation: FS = 100% × \[(EDD -- ESD)/EDD\]. Early diastolic filling peak velocity (E), late filling peak velocity (A), and isovolumic relaxation time (IVRT) were measured from the medial or septal wall at the mitral valve level from tissue Doppler image. LV diastolic function was assessed by measuring the E/A ratio and IVRT. In addition, a pulsed Doppler of the LV outflow was performed to obtain velocity time integral (VTI). Dimensional mode image and cine loop were acquired in parasternal long-axis view to measure the aortic diameter (AOD). Cardiac output (CO) was calculated by stroke volume (SV = AOD2/4 × VTI) and heart rate (CO = SV × HR). Three to five beats were averaged for each mouse study. Studies and analysis were performed by investigators blinded to treatments.

Left Ventricular Pressure {#S20}
-------------------------

After the heart was exposed in anesthetized mice, a Mikro-tip catheter (SPR1000, Millar Instruments, Houston, TX) was inserted into the left ventricle as described previously ([@R66]). Left ventricular pressure was directly measured with the Powerlab Data Acquisition System and displayed on a computer. LVDP was calculated as end systolic pressure minus end diastolic pressure. Positive maximal left ventricular pressure derivative (+dp/dtm) and negative maximal left ventricular pressure derivative (−dp/dtm) were automatically measured using Chart 7 software (ADInstruments, Colorado Springs, CO).

Statistics {#S21}
----------

All results are provided as means ± SEM. All statistical analyses were performed using GraphPad Prism. Differences between the two groups over time (indicated in the relevant figure legends) were determined by a two-way ANOVA for repeated measures. For comparisons between two independent groups, a Student's t test was used. Significance was accepted at p \< 0.05.

Supplementary Material {#SM}
======================

[SUPPLEMENTAL INFORMATION](#SD1){ref-type="supplementary-material"}

[Supplemental Information](#SD1){ref-type="supplementary-material"} includes four figures and can be found with this article online at <https://doi.org/10.1016/j.celrep.2018.01.065>.
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![REMD 2.59 Rescues Hyperglycemia and Improves Glucose Tolerance in a Type 2 Diabetes Model\
(A) 10-week-old Lepr^db/db^ mice were treated with REMD 2.59 (5 mg/kg). 5days after treatment they were placed in metabolic cages and food intake was assessed over 4 days.\
(B--D) Weight gain (B) and blood glucose (D) were measured over a 10-day period before and after treatment of 10-week-old Lepr^db/db^ mice with REMD 2.59 (5 mg/kg, days 0 and 5) or vehicle. Lean body mass (C) and overall change in body fat composition (B) were assessed via NMR.\
(E) Oral glucose tolerance assessed 5 days after treatment of Lep^ob/ob^ mice.\
(F) Immunoblot of pAMPK Thr^172^, total AMPK, pCREB Ser^133^, total CREB, total PEPCK, and γ-tubulin from the livers of wild-type, Lepr^db/db^, pair-fed Lepr^db/db^, and REMD-treated Lepr^db/db^ mice (2 representative samples shown, representative of 5/group).\
(G) Relative abundance of PEPCK mRNA was assessed by real-time qPCR from livers of Lepr^db/db^ mice.\
(H) Circulating glucagon levels were measured by ELISA in the serum and CSF of rats 5 days after treatment with REMD 2.59 (5 mg/kg) or vehicle.\
(I) Representative immunoblot of human IgG or REMD 2.59 in the serum and CSF of rats 5 days after treatment with REMD 2.59 or IgG4 vehicle, as in (H). n = 5/ group; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S1](#SD1){ref-type="supplementary-material"}. Data are represented as mean ± SEM.](nihms943891f1){#F1}

![REMD 2.59 Suppresses Hepatic Gluconeogenesis\
(A) Lepr^db/db^ mice were treated with REMD 2.59 or vehicle 5 days prior to acute administration of insulin. Downstream insulin signaling targets were measured via immunoblot. Results are shown in triplicate, representative of 6/group.\
(B) Pyruvate tolerance tests were performed 5 days after treatment with REMD 2.59 or vehicle.\
(C) Insulin tolerance tests were performed in 10-week-old wild-type, Lepr^db/db^, REMD-treated Lepr^db/db^, and glucagon-receptor knockout Lep^ob/ob^ mice.\
(D) Immunoblots of total and phosphorylated Thr^172^ AMPK from soleus muscle of 6 mice per treatment group (11.5-fold increase in pAMPK/AMPK ratio in REMD 2.59 versus vehicle, p \< 0.05).\
(E) Circulating adiponectin was quantified by immunoblot 5 days after treatment of Lep^ob/ob^ mice with REMD 2.59.\
(F) Levels of sphingoid bases in the liver (left), soleus (center), and serum (right) were assessed by mass spectrometry. n = 6/group; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data are represented as mean ± SEM.](nihms943891f2){#F2}

![REMD 2.59 Improves Whole-Body Insulin Sensitivity in a Type 2 Diabetes Model\
(A--F) Hyperinsulinemic-euglycemic clamps were performed on conscious unrestrained 10-week-old Lep^ob/ob^ mice 5 days after treatment with REMD 2.59 or vehicle (n = 11 for both groups).\
(A) Glucose infusion rate required to maintain constant blood glucose (200 mg/dL) during clamp.\
(B) Hepatic glucose output prior to the clamp.\
(C) Hepatic glucose output during the clamped state.\
(D) Rate of whole-body glucose disposal, Rd.\
(E) Radioactive 2-deoxyglucose uptake (Rd') quantification in skeletal muscle and heart during the clamped state.\
(F) Serum non-esterified fatty acids (NEFAs) were quantified by colorimetric assay in both the pre-clamped and clamped states. See also [Figure S2](#SD1){ref-type="supplementary-material"}. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. Data are represented as mean ± SEM.](nihms943891f3){#F3}

![REMD 2.59 Improves Lipid Metabolism and Activates AMPK\
(A and B) 10-week-old Lep^ob/ob^ mice were treated with REMD 2.59 (5 mg/kg) or vehicle 5 days prior to all assessments. Liver triglycerides were quantified and normalized by weight (A). Total ^3^H-triolein lipid uptake and oxidation in tissues of REMD 2.59- and vehicle-treated Lep^ob/ob^ mice (B) (n = 8 and 10 for vehicle and REMD groups, respectively).\
(C) Total ^3^H-triolein lipid uptake and oxidation in tissues following 2 days of acyl-glucagon (5 nmol/kg) or vehicle treatment of wild-type mice (n = 5 for both groups).\
(D) In control and whole-body glucagon-receptor knockout db/db mice, lipid accumulation in the liver was assessed histologically with oil red O staining.\
(E) Ceramide content from soleus muscle or liver was quantified from Lep^ob/ob^ mice treated with REMD 2.59 or vehicle.\
(F) Total O-acyl ceramides were assessed and expressed as a percentage relative to vehicle-treated control. n = 6 unless indicated; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S3](#SD1){ref-type="supplementary-material"}. Data are represented as mean ± SEM.](nihms943891f4){#F4}

![REMD 2.59 Prevents Cardiomyopathy in Lepr^db/db^ Mice\
(A--K) 8-week-old Lepr^db/db^ and Lepr^db/+^ mice were treated with REMD 2.59 (3 mg/kg, weekly) or vehicle for 18 weeks.\
(A) Body weight was measured weekly.\
(B--F) Via echocardiography, various parameters of ventricular contractility were measured, including fractional shortening (B), ejection fraction (C), E/A ratio (D), cardiac output (E), and IVRT time (F).\
(G) LVDP was measured using Mikro-cardiac catheters at the end of the 18-week time course.\
(H and I) Echocardiography was used to assess ventricular diameter during diastole (H) and systole (I).\
(J) At 18 weeks, mice were sacrificed and heart weights were obtained.\
(K and L) Heart tissue was assayed for sphingolipid content (K) and ceramides (L) via mass spectrometry.\
(M) Immunoblots of total and phosphorylated (Thr^172^) AMPK in 4 hearts/group. n = 9 Lepr^db/+^/group, n = 15 Lepr^db/db^/group. \*Comparisons between Lepr^db/db^, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. \#Comparisons between PBS-treated Lepr^db/db^ and Lepr^db/+^, ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001. &Drug effects in Lepr^db/+^, ^&^p \< 0.05. Data are represented as mean ± SEM.](nihms943891f5){#F5}

![REMD 2.59 Protects against Lipotoxic Cardiomyopathy\
(A--F) Lean LPL^GPI^ mice were treated weekly with REMD 2.59 (3 mg/kg) or vehicle from 10 to 15 weeks of age.\
(A--C) At 15 weeks of age, echocardiography was conducted. Fractional shortening (A), ejection fraction (B), and left ventricular end systolic dimension (C) were assessed.\
(D--F) At 15 weeks of age, LPL^GPI^ mice were sacrificed and tissues were collected.\
(D) Heart weights were calculated as a ratio of body weight.\
(E) Immunoblot for activated Thr^172^ AMPK, total AMPK, and tubulin in hearts.\
(F) Cardiac ceramides were assessed via mass spectrometry. n= 5/group; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S4](#SD1){ref-type="supplementary-material"}. Data are represented as mean ± SEM.](nihms943891f6){#F6}

###### Highlights

-   REMD 2.59 restores euglycemia, glucose tolerance, and insulin action

-   REMD 2.59 suppresses hepatic gluconeogenesis by improving insulin signaling to Akt

-   REMD 2.59 enhances AMPK-induced lipid oxidation in liver, muscle, and heart

-   REMD 2.59 improves cardiac function in mouse models of heart injury
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